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ABSTRACT 
Soil Heterogeneity and its Exploitation by Plants 
by 
Robert B. Jackson, PhD 
Utah State University, 1992
Major Professor: Dr. Martyn M. Caldwell 
Program: Range Ecology 
viii 
In this dissertation I first examine the ability of 
individual plants in the field to garner localized soil 
nutrients. I then measure actual soil variability around 
perennial plants and use various statistics to quantify the 
scale and degree of that variability. 
Soil patches on opposite sides of Pseudoroegneria 
spicata tussocks were treated with distilled water or a 
nutrient solution containing N, P, or K in three field 
experiments. When P was augmented in the enriched soil 
patches, rates of P uptake increased significantly for roots 
from enriched patches compared with roots in control patches. 
Rates of ammonium and potassium uptake were apparently 
unchanged. When N was augmented in the enriched patches, 
rates of ammonium and potassium uptake increased 
significantly. When K was augmented in the enriched patches, 
no changes were seen for any of the nutrients. 
Plant shading was found to limit the ability of 
ix 
Agropyron desertorum tussocks to increase rates of nutrient 
uptake in enriched soil microsites. Roots of unshaded plants 
selectively increased phosphate uptake capacity in enriched 
patches by up to 7 3 % , but shading 1 imi ted this response. 
Enrichment of the soil patches resulted in significantly 
greater phosphate concentrations in roots of both shaded and 
unshaded plants. 
Nutrient heterogeneity in the soil at a native 
sagebrush-steppe site was quite high, with ammonium and 
nitrate varying by over two orders of magnitude and phosphate 
and potassium close to one order of magnitude within a 10x12-
m area. Within 0.5x0.5-m subplots around individual plants, 
ammonium and nitrate varied by an average factor of 11 and 
12, respectively, with less average variation for phosphate 
and potassium. Geostatistical semivariograms showed that 
soil ammonium, nitrate, phosphate, potassium, pH, and organic 
matter all showed detectable autocorrelation only at scales 
of less than 1.0 to 1.5 m. Indices of microbial activity 
showed no detectable autocorrelation even at the smallest 
measurement scale of 12.5 cm. From the degree and scale of 
heterogeneity encountered, I conclude that root plasticity 
and active foraging in a heterogeneous soil environment are 
1 ikely to be important to the nutrient balance of many 
plants. 
(104 pages) 
CHAPTER I 
INTRODUCTION 
Plants in the field grow in an environment that is 
distinctly heterogeneous both above and below ground. 
Although environmental variability is believed to increase 
the number of species that can coexist in a given system, the 
potential importance of heterogeneity to individual plants is 
difficult to assess. The importance of heterogeneity to 
individuals depends on the scale and degree of the 
heterogeneity encountered, as well as the plant's relative 
ability to exploit a resource varying in time and space. In 
this dissertation I examine the ability of individual plants 
to exploit variability in soil nutrients; I also attempt to 
place some lower limits on the variability in soil resources 
that a plant in the field is likely to encounter. 
In Chapter II I test the ability of individual perennial 
plants to selectively alter their rates of .nutrient uptake in 
response to localized soil enrichment. I test this 
hypothesis by placing distilled water and a nutrient solution 
( containing N, P, or K, depending on the experiment} on 
opposite sides of the same plants. I then examine whether 
roots from the enriched patches have greater rates of uptake 
of the nutrient augmented in the enriched patch. I also test 
whether increased rates of nutrient uptake for the augmented 
nutrient are coupled with increased rates of uptake for 
2 
nutrients not augmented in the patches. The three nutrients 
examined are phosphate, ammonium, and potassium. 
After establishing in Chapter II that plants can respond 
to enriched soil patches by selectively increasing rates of 
nutrient uptake in roots of the enriched soil, I proceed in 
Chapter III to examine whether plant competition (as 
simulated by shading) can limit the ability of plants to 
respond to soil variability. I first test the effect of the 
shade treatment on both net photosynthesis and the 
carbohydrate status of shaded and unshaded plants. I then 
examine whether shading limits the ability of plants to 
increase their nutrient uptake kinetics. I also obtain 
information on the N, P, and K status of roots and shoots of 
each plant to address the potential effect of plant nutrient 
status on rates of nutrient uptake. 
Having examined the ability of plants to exploit 
enriched soil microsites in Chapter's II and III, I then turn 
in Chapter's IV and V to the more fundamental question of how 
much variability a plant in the field is likely to encounter. 
I examine this question at a native sagebrush-steppe site in 
northern Utah. In Chapter IV I characterize the distribution 
of extractable soil ammonium, nitrate, phosphate, and 
potassium around individual tussock grass and sagebrush 
plants and across the larger site sampled. I use univariate 
and geostatistical techniques to quantify both the scale and 
degree of variability in soil nutrients and draw some 
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conclusions regarding the likelihood of individual plants 
encountering substantial nutrient heterogeneity in the soil. 
In Chapter VI extend the analysis to include relevant soil 
properties that are not themselves direct resources for 
plants (with the exception of soil H20). These properties 
include soil organic matter, pH, water content, root mass, 
microbial respiration, net N mineralization, and 
nitrification potential. In addition to univariate and 
geostatistical analyses, I generate a nonparametric 
correlation matrix to examine relationships among all eleven 
soil properties from Chapter's IV and V. Finally, using 
semivariance analysis from geostatistics to assign optimal 
weights for interpolating values across the site, I generate 
contour plots of soil properties around the individual plants 
and compare the results for the tussock grass and sagebrush 
plants. 
In the last chapter of this dissertation, I summarize 
results from Chapter's II through V. I synthesize this 
information with relevant material from the literature and 
attempt to draw some conclusions concerning the potential 
importance of plant responses to soil heterogeneity. 
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CHAPTER II 
KINETIC RESPONSES OF PSEUDOROEGNERIA ROOTS 
TO LOCALIZED SOIL ENRICHMENT 
Soil patches 
spicata plants in 
Abstract 
on opposite 
the field 
sides of Pseudoroegneria 
were treated with either 
distilled water or a nutrient solution containing N, P, or 
K. Roots from these enriched and control patches were tested 
three days later for their capacities of ammonium, phosphate, 
and potassium uptake. When phosphate was augmented in the 
enriched patches, rates of phosphate uptake increased 
significantly, but not rates of ammonium or potassium uptake. 
When the enriched patches were augmented with nitrogen, 
uptake capacities of both ammonium and potassium increased 
significantly (mean increases of up to 88% and 71% for 
ammonium and potassium, respectively). Potassium 
augmentation did not lead to increased soil-available Kand, 
correspondingly, did not induce changes in the capacity for 
uptake of K, N, or P. The potential importance of nutrient 
uptake kinetics in the exploitation of nutrient-rich soil 
patches is discussed. 
Introduction 
Plants growing in soil can encounter heterogeneity in 
both biotic and abiotic soil characteristics (Snaydon 1962; 
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Charley and West 1977; Ingham et al. 1985). Differences in 
the ability to detect and exploit nutrient-rich soil patches 
may partly determine the competitive hierarchy among plants 
(Fitter 1982; Robinson and Rorison 1983a; Grime et al. 1986; 
Crick and Grime 1987). One example of how such heterogeneity 
could arise is the local decomposition of organic matter 
(Eason and Newman 1990). Mechanisms for exploiting the 
localized nutrients may include increases in root absorptive 
surface area (St. John et al. 1983a,b) and changes in 
nutrient uptake capacity (Jackson et al. 1990). 
The nutritional history of a plant has been shown to 
alter the rate at which a plant takes up nutrients (e.g. 
Humphries 1951; Cartwright 1972; Jackson et al. 1976; 
Clarkson et al. 1978; Drew et al. 1984). Most of this work 
has been conducted with plants grown in solution culture and 
involved changing the nutrient status of the entire plant. 
For example, a plant deprived of phosphate for a certain 
period of time usually increases its rate of phosphate uptake 
compared with a similar plant previously supplied with 
adequate nutrients. The increases in uptake for the 
nutrient-deprived plants are generally selective to the 
previously withheld ion (Drew and Saker 1975; Lee 1982) and 
temporary, decreasing rapidly after restoration of nutrient 
supply (Lefebvre and Glass 1982). 
The exploitation of a nutrient-rich soil patch in the 
field may not, at least in the short term, result in a 
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significant change in the nutrient status of the exploiting 
plant. Additionally, physiological responses of roots to the 
enriched patch may be limited to the portion of the root 
system in contact with the patch. Several studies have 
examined changes in rates of nutrient uptake when only a 
portion of the plant root system was exposed to an increased 
nutrient environment (e.g., Drew and Saker 1975,1978; Barta 
1977; Jager and Posno 1979). These laboratory studies have 
generally shown an increase in nutrient uptake for the 
portion of the root system in the more nutrient-rich 
environment. 
In a previous study I showed that three Great Basin 
plant species were able to selectively alter their phosphate 
(P) uptake kinetics in response to localized soil enrichment 
in the field (Jackson et al. 1990). Pseudoroegneria spicata 
(Pursh) A Love ssp. spicata (syn: Agropyron spicatum (Pursh) 
Scribn. and Smith), a perennial tussock grass native to the 
Great Basin region of western North America, increased its 
mean rates of P uptake within three days of soil enrichment. 
The mean rates of P uptake in roots from enriched soil 
patches increased up to 80% relative to roots from control 
patches on opposite sides of the same plants. Each treated 
soil patch represented less than 2.5% of the total rooted 
volume of the test plants. Since such a small portion of the 
root systems were in the experimental patches for a short 
period of time, the treatments may not have resulted in 
7 
appreciable changes in nutrient status of the plants. 
In the current study, I examined whether plants in the 
field had the ability to alter their rates of nutrient uptake 
when the major plant nutrients N, P, and K were applied to 
soil patches individually. Although natural enriched soil 
patches would be unlikely to contain high concentrations of 
single nutrients alone, plants might nevertheless be expected 
to regulate uptake of these nutrients separately. Three days 
after treatment with either distilled water or a nutrient 
solution containing N, P, or K, I tested the roots from the 
patches for their rates of phosphate, ammonium, and potassium 
uptake. I examined whether enrichment resulted in increased 
uptake not only of the nutrient augmented in the enriched 
soil patches, but also for the two nutrients not augmented 
in the patches. 
Pseudoroegneria spicata was used in these experiments. 
It has vesicular-arbuscular mycorrhizae of the genus Glomus 
(Allen et al. 1989) . Pseudoroegneria was shown not to 
proliferate roots two weeks after patch enrichment in several 
experiments, whereas two other species usually initiated root 
proliferation in as little as one day (Jackson and Caldwell 
1989) . Therefore, increases in nutrient uptake capacity 
observed for Pseudoroegneria should primarily reflect that 
of roots present in the soil patches prior to treatment. 
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Methods 
This study was conducted in the field at a site 4 km 
northeast of Logan, Utah (41°45' N, lll 0 48'W, 1460 m elev.). 
Calcareous soils at the site are Typic Haploxerolls formed 
from alluvial material (Donahue et al. 1983) and their 
average pH is approximately 8 (Southard et al. 1978). Proton 
efflux from roots, however, could make the solution pH near 
roots considerably more acidic (Clarkson 1985). The soils 
generally contain <10 ppm bicarbonate-exchangeable phosphate, 
<5 ppm available nitrate, and 100 to 200 ppm available 
potassium. 
(1981). 
Further site description is in Caldwell et al. 
The experiments · were conducted in monoculture field 
plots of evenly spaced Pseudoroegneria spicata plants (0.5m 
between plants) established six years earlier. Pairs of soil 
patches were treated by using wicks to evenly introduce 750 
ml of distilled water on one side of a plant and 750 ml of 
nutrient solution on the other. The nutrient solutions 
contained 20 mM H3PO4 , 45 mM NH4NO3 , or 20 mM KOH for the P-
enrichment, N-enrichment, and K-enrichment experiments, 
respectively. H3PO4 and KOH were chosen s that root 
responses to phosphate and potassium enrichment would not be 
confounded by any accompanying nutrient. Calcareous soils 
at the site are highly buffered and should quickly ameliorate 
any adjustment in pH. Furthermore, an experiment supplying 
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an extremely dilute HCl solution matching the pH of the H3PO4 
solution yielded no differences in nutrient uptake rates for 
roots from treated and control patches (12.>0. 49) . The 
solution concentrations of N, P, and K are the sa ~~ 
individual nutrient concentrations used by Jackson et al. 
(1990) in N-P-K patches of ammonium nitrate and potassium 
phosphate. 
Samples of the soil patches were obtained by cores (12 
cm diameter, 25 cm deep) three days after treatment. The 
roots from each soil patch were sieved from the soil, 
retained if <1.0 mm in diameter, and separated into random 
subsamples from individual cores. The root subsamples were 
equilibrated for 1 hr in small cheesecloth bags in a 0.5 mM 
CaC1 2 solution at 2 0 ° C. The roots were then immersed in 
radio-labelled solutions of 1, 10, or 20 µM NaH2Po 4 or 50, 
500, or 1000 µM CH3NH4HC1 and RbCl; methylammonium and 
rubidium were used as analogs for ammonium and potassium in 
the uptake measurements (Epstein 1952; Richie 1987; Chapin 
et al. 1988). Rates of ammonium uptake were studied because 
of the lack of a convenient radioactive analog for nitrate 
(e.g. , Glass et al. 1985) . The lower laboratory 
concentrations for each ion were chosen to reflect typical 
soil solution concentrations of N, P, and K (Barber 1984) and 
the higher concentrations were designed to represent an 
enriched soil patch where solution concentrations might be 
5 to 10 times greater than bulk soil solution concentrations. 
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The uptake solutions also contained 20 µCi 32P-labeled 
orthophosphoric acid, 4 7. 5 µCi 14C-labeled methylammonium 
chloride, or 4 7. 5 µCi 86Rb-labeled rubidium chloride per 
liter, depending on the solution. All solutions used prior 
to root drying were well mixed and aerated, adjusted to pH 
6.0, and contained 0.5 mM cacl 2 to maintain membrane 
integrity. 
After immersing subsampled roots for 10 min. in the 
radioactively labeled solutions, the roots were rinsed three 
times for at least 2 min. in concentrated, unlabeled 
solutions at 5°C. The rinse solutions were designed to 
replace any radioisotope adsorbed to the root surfaces. The 
roots were then oven-dried and weighed. Phosphate-32 was 
assessed in intact roots by Cerenkov radiation (Lauchli 
1969); methylammonium and rubidium were acid-extracted from 
roots and the radioactivity was counted in a standard aliquot 
by liquid scintillation (with corrections for half-life and 
counting efficiency). 
The data for a given experiment were analyzed with a 
two-factor split-plot analysis of variance set out in blocks 
( SAS Institute, 1985) . The wholeplot factor was soil 
treatment and the subplot factor was the nutrient 
concentration in the laboratory solutions. Since separate 
analyses for rates of N, P, and K uptake were used within 
each enrichment experiment, the minimum probability used to 
denote statistical significance was 0. 0167 ( a Bonferroni 
11 
adjustment of 0.05/3). 
Soil analyses for available N, P, and K were performed 
on sets of control and enriched patches from each experiment. 
Available phosphate and potassium were extracted with 0.5M 
NaHC03 (Olsen and Sommers 1982) . Available nitrogen was 
measured with chromotropic acid primarily as nitrate (Sims 
and Jackson 1971; Kowalenko and Lowe 1973). 
Results 
Based on previous physiological studies (e.g. , Lee 1982) 
I expected nutrient uptake capacity to increase for roots 
from enriched soil patches, but only for the nutrient 
augmented in the enriched patches. In the P-enrichment 
experiment the mean rates of phosphate uptake were 5 to 26% 
greater for roots from enriched patches compared to roots 
from control patches on opposite sides of the same plants 
(Fig. 1). These increases in phosphate uptake capacity 
occurred within three days of patch treatment and the effect 
of phosphate enrichment was significant at 12<0. 01 (two-factor 
split-plot analysis of variance set out in blocks). The data 
are actually quite consistent among plants, especially since 
the standard errors of Fig. 1 include between-plant 
variability removed in the statistical analysis by blocks. 
Neither ammonium nor potassium uptake (as measured by uptake 
capacity of methylammonium and rubidium, respectively) 
increased significantly in response to enrichment (Fig. 1). 
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Figure 1. Rates of potassium, ammonium, and phosphate uptake 
for the P-enrichment experiment (mean± s.e.m., n=7). Soil 
patches on opposite sides of plants were treated with 750 ml 
of either distilled water (control patches) or 20 mM H3Po 4 (nutrient patches) and samples of the patches were cored 3 
days after treatment. Roots from each patch were subsampled 
and immersed in radioactive phosphate solutions (1, 10, or 
20 µM NaH2P0 4 ) or radioactive analogs of ammonium and 
potassium (50, 500, or 1000 µM methylammonium (CH3NH4HC1) and 
rubidium (RbCl), respectively). Root mass was measured on 
a dry-mass basis. Phosphate enrichment in the field resulted 
in significant increases in rates of phosphate uptake 
(2<0.01) but not for rates of ammonium or potassium uptake 
(2>0.26). 
Consequently, significant increases in rates of 
uptake were limited to the nutrient (P) applied 
enriched patches. The subplot factor of 
13 
nutrient 
in the 
nutrient 
concentration in the laboratory solutions was highly 
significant (2<0.001); this result is simply a reflection of 
greater rates of nutrient uptake at higher solution 
concentrations. 
Results 
surprisingly 
for the 
different 
N-enrichment experiment were 
(Fig. 2). While mean rates of 
ammonium uptake increased between 22 and 88%, mean rates of 
potassium uptake were also 17 to 71% higher in roots from 
enriched patches relative to control patches (2<0.0167 for 
both nutrients, a Bonferroni minimum of 0.05/3). Although 
rates of uptake for phosphate increased between 11 and 29%, 
the increase was probably not significant (2=0.09). 
Increases in nutrient uptake capacity for the experiment were 
not, therefore, limited to the nitrogen augmented in the 
enriched patches. 
During each of the experiments, I treated additional 
sets of enriched and control patches and analyzed the soil 
in the patches for available N, P, and K three days after 
treatment. Soil nutrient contents for the N- and P-
enrichment experiments showed approximately 10-fold 
enrichment of the element augmented in the experiment, with 
no differences between control and enriched patches for the 
two nutrients not augmented (Fig. 3). 
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Fi gure 2. Rates of potassium, ammonium, and phosphate uptake 
for the N- enrichment experiment (mean± s.e.m., n=S). The 
experimental procedure was the same as outlined in Fig. 1, 
except that the nutrient patches were enriched with NH4NO instead of H3P04 • Nitrogen enrichment in the field resulted 
in significant increases in rates of both ammonium and 
potassium uptake (12.<0. 0167 for each nutrient) , but only 
marginal increases i n rates of phosphate uptake (12.=0.09). 
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Figure 3. Extractable N, P, and K concentrations for control 
and enriched soil patches of the N-, P-, and K-enrichment 
experiments (mean± s.e.m., n=4). Soil patches on opposite 
sides of plants were treated with 750 ml of either distilled 
water (closed bars) or nutrient solution {open bars) and 
samples of the patches were cored 3 days later. Nutrient 
solutions for the N-, P-, and K-enrichment experiments 
contained 45 mM NH4N03 , 20 mM H3P0 4 , and 20 mM KOH, 
respectively. 
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Nutrient uptake capacities for the K-enrichment 
experiment are most appropriately considered in light of t he 
soil-available Kin the control and enriched patches of the 
experiment. Soil analyses indicated no apparent differences 
between enriched and control patches, including the potassium 
supposedly augmented in the experiment (Fig. 3). Since the 
soil analyses were completed after the uptake measurements, 
however, I was unaware during the experiment that the K 
enrichment was apparently ineffectual. Not surprisingly, no 
significan:t changes in rates of ammonium, phosphate, or 
potassium uptake were evident (Fig. 4). 
Discussion 
Pseudoroegneria spicata is an important perennial 
tussock grass common to Great Basin rangelands of western 
North America. It was selected for this study because of an 
apparent inability to proliferate roots quickly in response 
to localized soil enrichment (Jackson and Caldwell 1989). 
There was no evidence in the present experiment of either 
greater root densities or an increase in t t ~ proportion of 
fine roots in the enriched patches and the short three-day 
field treatments made substantial root proliferation 
unlikely. If the observed increases in uptake capacities 
were attributable solely to an increase in the proportion of 
fine roots, then the uptake of all three nutrients should 
have been affected equally. This did not occur. Thus, the 
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Figure 4. Rates of potassium, ammonium, and phosphate uptake 
for the K-enrichment experiment (mean± s.e.m., n=7). The 
experimental procedure was the same as outlined in Fig. 1, 
except that the nutrient patches were enriched with KOH 
instead of H3Po 4 • Potassium enrichment in the field resulted in no significant changes in rates of potassium, ammonium, 
or phosphate uptake (R>0.30 for each nutrient). 
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apparent physiological changes were most likely occurring in 
the roots already present when the patches were created. 
Clarkson et al. (1978) found that enhanced phosphate uptake 
induced by P-stress occurred first in the older parts of the 
seminal axes of barley roots and later in the younger parts. 
Drew and Saker ( 1978) found that localized P enrichment 
resulted in enhanced P uptake before root proliferation took 
place. It should also be acknowledged that my experimental 
system actually measures nutrient uptake for roots and 
accompanying microbes, though I have no reason to believe the 
microbial uptake to be important relative to root uptake. 
The lower solution concentrations at which I examined 
phosphate, potassium, and ammonium uptake were chosen to 
reflect typical soil solution concentrations (Barber 1984). 
Because of the scale of the graphs used to present the data 
(Figs. 1, 2, and 4) , it often appears that the greatest 
relative increases in mean rates of nutrient uptake were 
found at the highest solution concentrations. This is not 
always the case, however. In the N-enrichment experiment 
(Fig. 2) the greatest relative increases in ammonium and 
potassium uptake (88% and 71% respectively) actually occurred 
at the lowest concentration tested for each nutrient (50 µM). 
Changes in kinetic parameters have the potential, therefore, 
to be important even at average soil solution concentrations 
(Lee 1982). 
The apparent lack of soil enrichment in the K-enrichment 
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experiment (Fig. 3) may be due to several factors. The 
potassium augmented in the patches could have been adsorbed 
between layers of illite or zeolinitic clays (Dudley, 
personal communication) or, alternatively, a more 
concentrated solution might have been required to effect 
enrichment. Since the background of available potassium in 
our soil is 15 to 20 times that of phosphate, no root 
response to successful K enrichment might be expected since 
the nutrient would be unlikely to limit plant growth. 
Despite the ineffectual K enrichment, the uptake capacities 
measured in the experiment demonstrate surprising consistency 
in roots sampled from numerous plants in the field (Fig. 4). 
Mean rates of nutrient uptake in enriched and control patches 
were almost always closer than 10% and never differed by more 
than 21%. 
The increase in potassium uptake for the N-enrichment 
experiment was notable, since changes in uptake kinetics are 
often selective to the nutrient with altered availability 
(Drew and Saker 1975, Lee 1982). But ammonium and potassium 
have been found to interact in balancing the charge of anions 
such as nitrate taken up by roots (Bloom and Finazzo 1986). 
The stimulation of K uptake in the N-enrichment experiment 
may, therefore, be partly a result of greater nitrate flux 
from the field enrichment of NH4No3 (e.g., Vale et al. 1988). 
Several models and sensitivity analyses have shown that 
nutrient uptake may be influenced more by morphological 
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parameters such as root surface area, diameter, and density 
than by kinetic parameters (e.g. Silberbush and Barber 
1983a,b; Robinson and Rorison 1983b). This is most likely 
to be true for diffusion-limited nutrients such as phosphate 
(Nye and Tinker 1977, Jungk and Claassen 1986). 
Nevertheless, Nielsen and Schj¢rring (1983) found close 
agreement between actual and predicted phosphate uptake in 
the field as predicted solely by kinetic parameters generated 
from solution-grown barley cultivars. That changes in 
kinetic parameters have been observed so frequently in 
nutrient-deprived plants (Humphries 1951; Drew gt £1· 1984; 
Morgan and Jackson 1988) and within root systems of 
individual plants (Drew and Saker 1975, 1978; Jackson et al. 
1990) implies that changes in kinetic parameters may be more 
important for nutrient capture in soil than often believed. 
The present study and the results of Jackson et al. (1990) 
provide the first evidence that changes in kinetic parameters 
actually occur in the field in response to microsite nutrient 
conditions. 
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CHAPTER III 
SHADING AND THE CAPTURE OF LOCALIZED SOIL NUTRIENTS: 
NUTRIENT CONTENTS, CARBOHYDRATES, AND ROOT UPTAKE 
KINETICS OF A PERENNIAL TUSSOCK GRASS 
Summary 
28 
The ability to exploit spatial and temporal 
heterogeneity in soil resources can be one factor important 
to the competitive balance of plants. Competition 
aboveground may 1 imi t selective plant responses to 
belowground heterogeneity, since mechanisms such as root 
proliferation and alterations in uptake kinetics are energy-
dependent processes. I studied the effect of shading on the 
ability of the perennial tussock grass Agropyron desertorum 
to take up nutrients from enriched soil microsites in two 
consecutive growing seasons. Roots of unshaded plants 
selectively increased phosphate uptake capacity in enriched 
soil microsites (mean increases of up to 73%), but shading 
eliminated this response. There were no changes in ammonium 
uptake capacity for roots in control and enriched patches for 
either shaded or unshaded plants. The 9-day shade 
treatments significantly reduced total nonstructural 
carbohydrate (TNC) concentrations for roots in 1990, but had 
no apparent effect on root carbohydrates in 1991 despite 
dramatic reductions in shoot TNC and fructan concentrations. 
Enrichment of the soil patches resulted in significantly 
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greater phosphate concentrations in roots of both shaded and 
unshaded plants, with less dramatic differences for nitrogen 
and no changes in potassium concentrations. In many respects 
the shaded plants did surprisingly well, at least in terms 
of apparent nutrient acquisition. The effects of aboveground 
competition on nutrient demand, energy requirements, and 
belowground processes are discussed for plants exploiting 
soil resource heterogeneity. 
Introduction 
Despite numerous studies on the ecophysiology of shading 
and photosynthesis (e.g. Mooney 1972, Evans et al. 1988), 
relatively few studies have integrated aboveground responses 
with the belowground ecology of plants. A number of 
laboratory and glasshouse experiments have examined the 
effect of shading on root processes {e.g. Massimino et al. 
1981, Corre 1983), but few have attempted to do so in the 
field. This integration of above- and belowground 
characteristics is important because plants in the field 
inevitably respond to multiple interacting factors (Chapin 
et al. 1987, Aerts et al. 1991) and, for many plants, 
belowground competition can be more important than 
competition aboveground (Donald 1958, Remison and Snaydon 
1980) . 
In the Great Basin region of the western United States, 
snowmelt and spring rainfall provide a transient but 
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important source of water for plants (West 1988) . This 
temporal heterogeneity in water abundance most likely results 
in a flush of available soil nutrients. Plants possess a 
suite of potential mechanisms for exploiting spatial and 
temporal heterogeneity in the soil. These mechanisms include 
root proliferation (Drew and Saker 1975, Jackson and Caldwell 
1989), adjustments in nutrient uptake kinetics (Clarkson 
1985, Jackson et al. 1990), changes in the frequency of 
mycorrhizal infection (St. John et al. 1983, Allen and 
MacMahon 1985), and root exudates (Jungk ·and Claassen 1986). 
All of these processes require energy and could potentially 
be limited by plant competition or stress. 
Competition for light may have important consequences 
for the carbon balance and large belowground energy 
requirements of cold-desert species. By blocking light that 
would otherwise reach the periphery of the tussocks, large 
perennial shrubs such as sagebrush (Artemisia tridentata) can 
commonly shade bunchgrasses. This shading would be most 
pronounced early and late in the day at lower sun angles. 
For the same reason, shading in the Great Basi~ may also be 
most important during early Spring and late Fall, when water 
is usually available and growth can be quite rapid (Caldwell 
et al. 1981, West 1988). 
In this field study, I examined the effect of shading 
on the carbon and nutrient relations of the perennial 
bunchgrass Agropyron desertorum (Fisch. ex Link) Schult. to 
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determine whether carbon limitation might decrease the 
ability of the plants to exploit nutrient-rich soil . patches. 
my shade treatment allowed direct sunlight to reach plants 
for one half to one hour each day, but to filter out much of 
the remaining PPF. This treatment was designed to 
approximate the shading a tussock might experience when 
growing among taller shrubs. 
In order to quantify the effect of shading on the carbon 
status of the plants, I measured daily timecourses of net 
photosynthesis for entire shaded and unshaded plants. For 
a more integrated estimate of carbon status I also measured 
the total nonstructural carbohydrate (TNC) and fructan 
contents of root and shoot tissue in each shaded and unshaded 
plant. I then examined whether shading limited the selective 
increase in nutrient uptake kinetics found previously for 
roots in enriched soil patches (Jackson et al. 1990, Chapter 
II). Finally, since demand plays such an important role in 
regulating nutrient uptake (Glass 1989), I also measured the 
N, P, and K status of root, stem, and reproductive tissue for 
each plant. 
Methods 
The research was conducted at a field site 4 km 
northeast of Logan, Utah (41"45' N, 111"48' W, 1460 m elev.) 
during the summers of 1990 and 1991. The average annual 
precipitation is 468 mm; the 1990 precipitation was below 
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average (380 mm) and 1991 precipitation slightly above 
average (516 mm). Calcareous soils at the site are loamy-
skeletal Typic Haploxerolls formed on alluvial fan material 
(Southard et al. 1978); pH is approximately 8 and nutrient 
concentrations in the soil are generally < 10 ppm 
bicarbonate-exchangeable phosphate, < 5 ppm extractable No3·, 
and 100 to 200 ppm extractable K (Chapter II). Though growth 
of plants in calcareous soils of the Great Basin may often 
be limited by P availability, plants at the site have also 
been shown to respond to N fertilization (Bilbrough, pers. 
comm.) . 
The experiments were conducted 
unirrigated monoculture field plots 
in unfertilized, 
of evenly spaced 
Agropyron desertorum plants established eight years earlier 
( 0. 5 m between adjacent indi victuals) . This perennial tussock 
grass was introduced to North America from Eurasia at the 
turn of the century (Dillman 1946) and has been widely seeded 
on several million hectares of rangelands in the 
Intermountain West. It has vesicular-arbuscular mycorrhizae 
of the genus Glomus (Allen et al. 1989). 
Two tussocks per day were randomly selected, one to be 
shaded and one to remain unshaded. Only one pair of plants 
was treated per day because time did not permit processing 
the root samples of more than two plants per day for kinetic 
analyses. In 1990, seven shaded and seven unshaded plants 
were used in the experiment; six shaded and six unshaded 
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plants were used in 1991 (with one extra replicate for shoot 
carbohydrate and nutrient contents). No plants treated in 
1990 were selected again in 1991. The 1990 data were 
collected in the first half of July; 1991 data were obtained 
in late June and early July. Prior to any treatment, six 
tillers from each tussock were clipped and frozen in liquid 
N2 for nutrient and carbohydrate analyses (1991 experiment 
only). One of the two randomly selected plants was then 
shaded for five days with a cone that allowed direct . sunlight 
to reach the plant for 30 min to 1 hr at solar noon each day. 
The shade cones were made from two layers of Mylar, a layer 
of shadecloth (50% direct reduction in PPF), and a dark film 
(3M Scotchtint Windowfilm NR20SMARL) designed to approximate 
spectral changes as light passes through a plant canopy. The 
overall reduction in PPF through the cone was 80 to 90%. A 
whole-plant gas-exchange system designed to track ambient 
temperature (Gold and Caldwell 1989) measured the decrease 
in photosynthesis caused by shading for two days of the 1991 
season. 
After five days of shade or control treatments, pairs 
of soil patches around each plant were treated by using wicks 
to place 750 ml of distilled water on one side of a plant and 
750 ml of nutrient solution ( 45 mM NH4NO3 , . 20 mM KH2PO4) on 
the other (Jackson et al. 1990) . Each treated patch 
represented less than 2.5% of the total rooted volume of the 
test plants. After 4 more days of continued shading or 
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ambient light, samples of the enriched and control soil 
patches were cored ( 12-cm diameter, 25-cm depth) and 6 
tillers from each plant were again clipped and frozen in 
liquid N2 for nutrient and carbohydrate analyses. 
Roots from each soil patch were sieved from the soil, 
retained if< 1.0 mm in diameter (to confine the analysis to 
younger, more active roots), and separated into random 
subsamples. One subsample was immediately frozen in liquid 
N2 for subsequent nutrient and carbohydrate analyses. The 
remaining root subsamples were equilibrated in a 0.5-mM CaC12 
solution for 1 hr at 20°C and were then immersed for 10 min 
in radio-labelled solutions of 1, 10, or 20 µM NaH2P0 4 and 50, 
500, or 1000 µM CH3NH2HC1. 
14C-methylammonium was used as an 
analog for ammonium because of the lack of a convenient 
radioisotope for nitrogen (Richie 1987, Chapin et al. 1988). 
The roots were oven-dried, weighed, and the radioactivity 
counted by liquid scintillation. Further description can be 
found in Chapter II. Total nonstructural carbohydrates were 
determined by digesting 50 mg of freeze-dried roots, stems 
(including leaves), or seedheads with a commercial amylase 
(0.2% Clarase 40,000 for 24 h at 38°C) (Chatterton et al. 
1989). Root TNC concentrations in the 1990 extracts were 
determined colorimetrically with anthrone as the color 
reagent (Dimler et al. 1952); TNC and fructans in the 1991 
extracts of root, stem, and seedhead tissue were determined 
colorimetrically using potassium ferricyanide and a Technicon 
II Auto Analyzer (Chatterton et al. 1987). 
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Fructan 
accumulation can be important when periods of positive carbon 
balance are interspersed with periods of negative balance, 
as occurs in the perennial life cycles of northern temperate 
grasses (Pollock and Cairns 1991). Total N was determined 
with a C-N-S analyzer (Carlo Erba Model NA 1500). Total P 
and K were determined by first digesting the tissue in nitric 
and perchloric acids. Total K was measured by inductively 
coupled plasma analysis (Leeman PSl000-UV ICP Emission 
Spectrophotometer); total P was measured with ascorbic 
acid/ammonium molybdate as the color reagent. 
Root TNC data were first analyzed (SAS, 1985) as a 
split-plot ANOVA set out in blocks with year as a factor. 
Because the year term was significant in the analysis, I 
reanalyzed the root TNC data for 1990 and 1991 as separate 
two-factor split-plots set out in blocks with shading as the 
whole-plot factor and nutrient enrichment as the subplot 
factor. Root fructan, N, P, and K concentrations were each 
analyzed with a two-factor split-plot ANOVA set out in 
blocks. Data for nutrient uptake kinetics were analyzed as 
a split-split-plot ANOVA with year as a factor, shading as 
the whole-plot factor, nutrient enrichment as the subplot 
factor, and concentrations of the laboratory solutions as the 
sub-subplot factor. Stem and seedhead TNC, fructan, and N, 
P, and K concentrations were analyzed with a repeated-
measures ANOVA since both "pre" and "post" shading samples 
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were taken from each shaded and unshaded plant. 
Results 
Shading had a pronounced effect on carbon gain, reducing 
net photosynthesis 75% to 95% relative to an unshaded plant 
(Fig.1). Since my experiments lasted 9 days, the reduction 
in available carbon and energy to shaded plants should have 
been substantial. 
For the 1990 and 1991 data, shading significantly 
limited the selective increase in uptake capacity found for 
roots of unshaded plants in enriched soil patches (2<0.05 for 
the shade-x-enrichment term, Fig. 2). In 1990, for example, 
roots of unshaded plants from enriched patches increased 
their mean uptake capacity by 57%, 71%, and 73% in the three 
test-solutions, relative to roots of the same plants in 
control patches (Fig.2); for shaded plants the mean rates of 
phosphate uptake were altered by only -8%, 15%, and 22% for 
roots from enriched patches. 
capacity for shaded and 
The average phosphate uptake 
unshaded plants was also 
significantly increased by nutrient enrichment (2<0.005 for 
the enrichment term) . The average effect of shading on 
uptake capacity was not significantly decreased (2=0.12), but 
the significant shade-x-enrichment interaction makes 
interpretation of the main effects difficult. Neither year 
nor any of the year-interaction terms were significant. 
In 1990, shading significantly decreased TNC 
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Fig. 5 Net photosynthesis for a pair of shaded and unshaded 
plants on two days of the 1991 growing season. The data were 
taken with a whole-plant gas-exchange system that tracks 
ambient temperature (Gold and Caldwell 1989). 
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Fig. 6 Rates of phosphate uptake as a function of test 
solution concentrations for roots of shaded and unshaded 
plants from enriched and control soil patches (mean± s.e.m., 
n=7 plants per point for 1990, n=6 plants per point for 
1991). Patches on opposite sides of plants were treated with 
distilled water or nutrient solution and samples of the 
patches were cored 4 days later. Root mass is expressed on 
a dry-mass basis. 
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concentrations in roots from both enriched and control 
patches (2<0.05, Fig.3); average TNC concentrations in roots 
of shaded plants were 18% lower than in roots of unshaded 
plants . Roots in enriched patches of both shaded and 
unshaded plants had TNC concentrations decreased by 20% 
compared to roots from control patches treated with distilled 
water (2=0.056, Fig. 3). These decreased TNC contents of 
Vv"°'-Y 
roots from enriched patches presumably reflect carbon used 
in response to the nutrients in the patches. 
Roots from enriched patches had significantly greater 
P concentrations, for shaded and unshaded plants, than roots 
from control patches in 1990 (2<0.01, Fig.4). Though mean 
N contents for roots of unshaded plants were 15% larger in 
enriched patches, there was little difference for roots of 
shaded plants and neither the shading nor overall enrichment 
terms were significant (2>0.17 for each, Fig.4). There were 
no significant changes in . K concentrations for roots of 
shaded or unshaded plants (Fig.4). 
For the 1991 experiment, I expanded the 1990 methods to 
include N uptake kinetics and obtained estimates of nutrient, 
TNC, and fructan concentrations of above and belowground 
plant parts. Despite the 9-day reduction in photosynthesis 
for shaded plants (Fig.l), root TNC and fructan 
concentrations in 1991 were not significantly decreased by 
shading (Fig.5, 2>0.43 in each case); there was a significant 
reduction in TNC concentrations in roots of enriched patches, 
u 
z 
f--
6 .0 
4 .0 
2.0 
Unshaded 
C=:J Control patch 
cs::sJ Enriched patch 
Shaded 
40 
Fig. 7 Percent total nonstructural carbohydrates for roots 
of shaded and unshaded plants in enriched and control soil 
patches (mean± s.e.m., n=7 plants per bar, 1990 data). Both 
the 9-day shade treatment and nutrient enrichment 
substantially lowered TNC concentrations. 
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Fig. 9 TNC and fructan concentrations for roots from 
enriched and control soil patches around each shaded and 
unshaded plant (mean ± s.e.m., n=6 plants per bar, 1991 
data). Shading had no apparent effect on root carbohydrate 
status (Q>0.43 in each case). 
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particularly for the unshaded plants (2=0.01, Fig.5). The 
lack of a shading effect on root carbohydrates was quite 
interesting, since TNC and fructan contents in stem and 
seedhead tissue of shaded plants were reduced as much as 50% 
compared with unshaded plants (Fig.6, Q<0.05 for each of four 
time-x-shade interaction terms). 
Surprisingly, no differences in ammonium uptake 
capacity for shaded and unshaded plants were observed 
(Q>0. 64, Fig . 7) . There was also no apparent increase in 
ammonium uptake capacity for roots in enriched soil patches 
(Fig.7). 
In 1991, P concentrations were again significantly 
greater for roots from enriched patches compared with roots 
of the same plants from control patches (Q<0.05, Fig.8). The 
i ncreases were 31% and 39% for shaded and unshaded plants. 
Increases in N for roots from enriched patches were 12 and 
13 % for unshaded and shaded plants; there were no 
differences in K contents for any treatments (Fig. 8). The 
overall effect of shading was not significant for root N, P, 
or K concentrations (Q>0.25 for each). 
The shade treatment appeared to delay slightly the onset 
of browning in stem and seedhead tissue, possibly by reducing 
temperatures and water loss of the shaded plants. There was 
a significant decrease in stem and seedhead nitrogen (40% 
decrease in seedhead N) for unshaded plants over the nine 
days of the experiment (Q<0.05 for each shade-x-time 
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Fig. 10 TNC and fructan concentrations in stern (plus leaf) 
and seedhead tissue of shaded and unshaded plants at the 
beginning (preshade) and end (postshade) of the 1991 
experiment (mean ± s.e.rn., n=7 plants per bar). No 
differences between "shaded" and "unshaded" plants were 
expected prior to shading (preshading); postshading data for 
the same plants show dramatic declines in TNC and fructan 
concentrations for the shaded plants. 
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Fig. 11 Rates of ammonium uptake as a function of test 
solution concentrations for roots of shaded and unshaded 
plants from enriched and control soil patches (mean± s.e.m., 
n=6 for each point, 1991 data). Root subsamples from each 
patch were immersed in radioactively-labeled methylammonium 
solutions for 10 minutes. Root mass was measured on a dry-
mass basis. 
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interaction term) , with no such drop for shaded plants 
(Fig.9). A similar phenomenon occurred for P and Kin stems 
and seedheads of unshaded plants (Fig.9). 
Discussion 
The shading of Agropyron tussocks substantially altered 
above- and belowground plant characteristics. As expected, 
there were large differences in the carbohydrate status of 
shaded and unshaded plants. The lack of a change in root 
carbohydrates for shaded plants in 1991 was surprising, since 
shoot carbohydrates declined so dramatically. The shaded 
plants in 1991 were apparently preferentially allocating 
carbohydrates to their root systems, possibly to maintain the 
uptake of soil nutrients. In many respects the shaded plants 
did surprisingly well, obtaining substantial quantities of 
nutrients from enriched patches despite the 9-day shade 
treatments. A longer shading treatment, as may likely occur 
in the field, might have had more pronounced effects. 
A decrease in soluble root carbohydrates (as happened 
in 1990) can affect such belowground processes as root growth 
and respiration, nutrient uptake, and mycorrhizal infection 
(Wardlaw 1968, Osman 1971, Peace and Grubb 1982), but these 
characteristics are not affected to the same degree. Crapo 
and Ketellapper (1981) showed that a reduction in light had 
a much greater effect on root growth than on rates of 
respiration or K uptake. They concluded that maintenance of 
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Fig. 13 Total concentrations of N, P, and Kin sterns (plus 
leaves) and seedheads of shaded and unshaded plants (mean± 
s. e. rn. , n=7 plants per bar) . Measurements were taken on each 
plant at the beginning (preshade) and end (postshade) of the 
1991 experiment. 
49 
existing tissues and processes had a higher energy priority 
than did production of new tissue. 
Nutrient demand affects the identity, quantity, and rate 
of nut r i ents taken up by plants (Glass 1989) . Since my 
unshaded plants were apparently translocating nutrients out 
of the shoots as the stems and seedheads began to undergo 
seasonal browning (Fig.9), immediate plant demand for N was 
probably quite low. This low demand in unshaded plants may 
explain the lack of an increase in NH/ uptake capacity in 
enriched patches, since a related species was shown to 
dramatically increase NH4• kinetics in response to the same 
quantity of NH4N03 (Chapter II). 
Numerous studies have used techniques similar to those 
of Donald (1958) to evaluate the relative importance of shoot 
and root competition. Most of these studies have found root 
competition to be more important than competition for light 
(Wilson 1988) . Even from . my relatively short-term shade 
treatment one can see the difficulty in separating plant 
competition in the field into independent above and 
belowground components. Plant shading can decrease relative 
growth rates of both roots and shoots, with concomitant 
changes in demand for nutrients (Glass 1989). Donald (1958) 
found that the effect of root and shoot competition together, 
as might be experienced in the field, was multiplicative 
rather than additive. Many perennial plants might likely 
experience this interaction between root and shoot 
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competition during at least a portion of their existence. 
I believe my current field study is important in 
examining how light availability can affect the capture of 
nutrients heterogeneously distributed in the soil. A number 
of laboratory/glasshouse experiments have shown that a 
decrease in light generally leads to a scaling down of root 
processes and 
Burnett 1973, 
a reduction in root/shoot ratio (Hunt and 
Olff et al. 1990, Campbell et al. 1991). 
Garnier (1991) found that maximum relative growth rates of 
species correlate well with kinetic parameters of nutrient 
uptake (specifically Vrnax) and that root specific activity is 
an important factor for productivity. In my study, shading 
limited the selective increase in uptake capacity of roots 
in enriched soil patches. There may also have been 
reductions in root growth or changes in root morphology, 
though I was unable to study those factors. Limitations in 
light availability and its potential effects on root activity 
and growth may decrease the ability of plants to exploit 
spatial and temporal heterogeneity in the soil. 
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CHAPTER IV 
THE SCALE OF NUTRIENT HETEROGENEITY AROUND 
INDIVIDUAL PLANTS AND ITS QUANTIFICATION 
WITH GEOSTATISTICS 
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Heterogeneity in the soil is regularly invoked as 
important for competitive interactions among plants (Chapin 
1980), but surprisingly few attempts have been made to 
examine in situ soil heterc ~eneity in the context of 
individual plants (Snaydon 1962). Variability around 
individuals is of fundamental importance because current 
theories of plant competition (e.g. Grace and Tilman 1990) 
differ in their treatments of heterogeneity and scale. 
Al though quantifying scale has been historically problematic, 
statistical advances of recent decades (Matheron 1963, 
Burgess and Webster 1980) now provide tools for ecologists 
to specifically address scale and heterogeneity in their 
experiments (Robertson et al. 1988, Rossi et al. 1992). 
In this study I use geostatistical techniques to 
quantify the scale and variability of soil nutrients at 
distances from 10 cm to 10 min the field, with emphasis on 
the variability around individual perennial plants. The 
study area is 30 km south of Logan, Utah in a native 
sagebrush-steppe (41° 29' N, 111· 47' W, 1575 m elev); the 
soil is a silt loam formed from noncalcareous alluvial 
material. Average soil organic matter and pH are 
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approximately 2.7% (dry mass basis) and 6.3, respectively. 
Prevalent at the site are the native shrub Artemisia 
tridentata (Rydb.) Beetle and the native tussock grass 
Pseudoroegneria spicata (Pursh) A. Love., both common Great 
Basin perennials. The sagebrush (Artemisia) plants tend to 
be relatively small (usually < 0. 5 m tall with a fairly 
sparse canopy) for this species, but growth ring analysis of 
five plants showed several to be between 15 and 20 years old. 
Neighbors of mature plants are sometimes closely spaced, in 
some cases within 0.5 m. Other plant genera present include 
Balsamorhiza, Zigadenus, Viola, Paa, and Lomatium. Plants 
at the site experience some browsing by mule deer. 
Substantial small-scale variation in the soil surface was 
apparent due to ant and gopher activity and narrow cracks (as 
much as 30 cm in depth) probably arising seasonally from 
wetting and drying of the soil. 
I established a 10xl2-m grid in the spring of 1991 with 
points sampled every metre. Within this grid I also centered 
0. 5x0. 5-m grids around 6 Artemisia and 3 Pseudoroegneria 
plants, sampling at a second scale of 12.5 · cm between 
adjacent points (25 samples around each plant, 225 total 
samples at the finer scale). Cores of 4-cm diameter and 10-
cm depth were taken at each point, and all 362 sample points 
were cored in two days in early May. The soil from each 
position was well mixed and a subsample for NH/ and N0 3 · 
analysis was immediately placed in 2M KCL. NH+ and NO . 4 3 
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extracts were filtered through #1 Whatman filters previously 
rinsed with KCL and were tested by continuous flow analysis 
using a Lachat autoanalyzer; H2PO4- and I< were measured 
colorimetrically in extracts of 0.5M NaHCO3 (Olsen and 
Sommers 1982). Field samples analyzed strictly for sampling 
variability (4 replicate samples at one position) had 
coefficients of variation< 10% for each nutrient. 
Geostatistical variograms stratify calculated variances 
by the distance (or lag) between pairs of poirts (Isaaks and 
Srivastava 1989). What emerges is a representation of 
spatial autocorrelation, points closer together often having 
lower variances than points farther apart. Variograms for 
extractable NH4+, NO3 -, P, and K were calculated with the EPA 
program Geo-EAS, using a minimum pair distance of 12.5 cm and 
a maximum of approximately 7 m (< 50% of the largest 
distance) . Because of the nested structure of the data, 
variogram lag intervals were specified to be shorter for lag 
distances of< 0.75 m, to more clearly present the results 
at these finer scales. Each variogram lag class had at least 
250 pairs of points, and over 40,000 pairs were used for each 
variogram. There was no evidence of anisotropy in the data, 
but because the distributions of NH; and NO3- were positively 
skewed their values were log-normally transformed prior to 
analysis (Webster and Oliver 1990). 
Nutrient heterogeneity at the site was quite high, with 
both NH; and NO3- varying by 2 to 3 orders of magnitude and 
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P and K close to 1 order of magnitude within the 10x12-m area 
(Fig. 1, upper graph, data for each nutrient plotted in 
ascending order). Replicate cores taken at all points for 
assays of soil-solution ammonium and nitrate (data not 
presented) corroborated the more extreme values seen in the 
ranges of these two nutrients (Fig .1, upper graph). The mean 
values across the plot for soil phosphate and potassium 
concentrations were 19 and 315 mg/kg, and the median values 
for ammonium and nitrate were 2.2 and 1.1 mg/kg (the median 
is a more robust measure of central tendency for skewed 
distributions). Within the 0.5x0.5-m subplots, NH/ and No3• 
varied by an average factor of 11 and 12, respectively, with 
smaller average variation for P and K (Fig.1, lower graph). 
Variograms for each of the four nutrients demonstrated 
increasing autocorrelation, but only at spatial scales of< 
1 m (Fig.2). Beyond this scale each variogram is essentially 
flat, indicating the region where classical assumptions of 
statistical independence may be justified. This important 
result implies that an individual plant with roots a metre 
or so apart encounters the same degree of soil variability 
as found across the entire field plot. The variograms also 
mirror the greater small-scale heterogeneity in N, since the 
variance at the y-axis (nugget) appears proportionally higher 
for either form of N than for P or K (Fig.2). 
At a second site I measured No3• and P in 20 separate 
sets of paired 100-mg soil samples ( 3 cm between the 2 
I; 
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Fig. 14 The values of all 362 soil samples (NH/, No 3·, P, 
and K) ranked in ascending order for each nutrient (upper 
figure) and the average ratio of maximum to minimum soil 
NH/, No 3·, P, and K (mean ± s. e. m.) in O. 25-m 2 areas around 
9 perennial plants ( lower figure) . A 10x12-m grid was 
established in a native sagebrush-steppe with soil nutrients 
sampled every metre. In addition, nested 0.5x0.5-m grids 
were centered on 6 Artemisia tridentata and 3 Pseudoroegneria 
spicata plants with soil sampled every 12.5 cm. Each of the 
9 smaller grids contained 25 samples and there were 362 total 
samples in the experiment. In a separate sampling, pairs of 
soil samples 3 cm apart were taken in the rooting zone of 20 
individual plants. The average ratio of No 3 • values for each 
pair was more than twice the average P ratio even at 
distances of only 3 cm (lower figure, inset). 
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Fig. 15 Variograms of soil NH/, N0 3-, P, and Kin the 120-m 2 field plot. Variograms stratify calculated variances by the 
distance (lag) separating each pair of points. The minimum 
and maximum pair distances used in the calculations were 12.5 
cm and 7 m, and over 40,000 calculations are used in each 
graph. The units for each nutrient were mg/kg soil; because 
the distributions of NH/ and N0 3- were positively skewed 
their values were ln-transformed prior to analysis. 
Variograms for each nutrient show increasing autocorrelation 
at scales of< 1 m, but substantial variability remains even 
at 12.5 cm. 
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samples) in the shared rooting zones of Artemisia and 
Pseudoroegneria plants (data not included in the variograms). 
Nitrate varied by an average factor of 2. 8 for each pair 
while P only varied by an average factor of 1.3 (~<0.01 by 
paired t test, Fig. 1 inset) . One might expect greater 
heterogeneity for N at small scales since NH/ and N03 • are 
more susceptible to localized microbial transformations and 
immobilization than P or K. 
Despite the potential importance of soil heterogeneity, 
few studies have addressed the variability associated with 
individual plants. Studies with large, widely spaced 
perennials have tended to compare soil nutrients under plant 
canopies with those in canopy interspaces (e.g. Charley and 
West 1975, Burke et al. 1989) and have sometimes identified 
"islands of fertility" apparently induced by the plants 
themselves. Though plants may sometimes induce patterning 
in soil properties, individuals may also respond to 
heterogeneity caused by abiotic and other biotic sources. 
Visible surface features at our site included ant and gopher 
activity and deep cracks in the soil. Such local variation 
in potential water-flow pathways may, for example, contribute 
to small-scale variation in nutrient availability, though 
water may also potentially smooth existing soil 
heterogeneity. 
Plants possess a suite of potential mechanisms for 
exploiting soil heterogeneity, including root proliferation, 
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changes in nutrient uptake kinetics, and changes in the 
frequency of mycorrhizal infection (Drew and Saker 1975, 
Jackson et al. 1990). These traits vary among species 
(Campbell et al. 1991, Jackson and Caldwell 1989) and may be 
important in explaining competitive effectiveness. 
Identifying the structure and range of soil variability and 
incorporating this information into stochastic soil models 
is one mechanism for testing the importance of plant 
responses to small-scale heterogeneity. I believe the 
explicit modelling of heterogeneity in natural and 
agricultural systems will yield substantial insight into 
competitive dynamics among plants. 
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CHAPTER V 
SOIL HETEROGENEITY AROUND INDIVIDUAL PERENNIAL 
PLANTS AS QUANTIFIED BY GEOSTATISTICS 
Summary 
68 
In this study I use univariate, multivariate, and 
geostatistical techniques to quantify the scale and degree 
of soil variability around indi victual perennial sagebrush 
(Artemisia) and bluebunch wheatgrass (Pseudoroegneria) plants 
in the field, and compare this variability to that found 
across the larger sagebrush-steppe site I sampled. The soil 
properties measured were soil organic matter, pH, water 
content, root m~~ s, microbial respiration, net N 
mineralization, nitrification potential, and soil-extractable 
ammonium, nitrate, phosphate, and potassium. There was 
considerable biological variation in many of the properties 
measured; soil organic matter varied from 1.3% to 7.4% within 
the 10x12-m area and pH varied by as much as 1.3 pH units 
among samples less than 50 cm apart. Semivariograms for soil 
organic matter and pH showed strong spatial autocorrelation 
at distances of less than one metre, and both showed a high 
spatial dependence of approximately 90%. A combined index 
of soil fertility (incorporating information on soil 
ammonium, nitrate, phosphate, and potassium) also showed 
strong autocorrelation at scales of less than one metre. 
None of the microbial processes analyzed (net N 
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mineralization, nitrification potential, or microbial 
respiration) showed any significant autocorrelation even at 
the finest measurement scale of 12. 5 cm. Kriged 
(interpolated) contour plots of soil organic matter, 
phosphate and potassium showed strong spatial patterning 
associated with the tussock grasses, but less consistent 
patterning for the sagebrush plants. From the degree and 
scale of soil variability seen in this study and in Chapter 
I V, I conclude that root plasticity and active foraging in 
a heterogeneous soil environment are likely to be important 
to the nutrient balance of many plants. 
Introduction 
Researchers in agricultural systems have recognized the 
problems associated with soil variability since at least the 
beginning of the century (e . g . Waynick and Sharp 1919; Harris 
1920). The emphasis on pooling multiple soil samples for a 
"representative" cross-section of an agricultural field is 
one practical result of addressing such variability (Ferrari 
and Vermeulen 1955) . Investigations of heterogeneity in 
natural systems have also showed substantial variability, 
even at scales of less than a metre (Snaydon 1962; Frankland 
et al. 1963). Downes and Beckwith (1951), for example, found 
soil pH to vary by a full pH unit within approximately one 
square metre of apparently uniform soil. 
Environmental heterogeneity has had an important 
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influence on the development of both experimental design and 
statistics in general. Such models as randomized-block, 
Latin-square, and split-plot designs were created to minimize 
the effect of environmental variability on the outcome of 
crop trials (Sokal and Rohlf 1981). These and other forms 
of analysis of variance suffer from the requirement that all 
samples be statistically independent or free from 
au tocorrelation, an unrealistic assumption for many field 
studies . A relatively new class of statistics called 
geostatistics (Matheron 1963) was developed to specifically 
address the problem of autocorrelation among data. The 
semivariogram, a geostatistic that stratifies the variance 
in a data set by at least one spatial or temporal dimension, 
is a useful tool for identifying both the structure of 
variability for that dimension and for quantifying the scale 
of autocorrelation (Rossi et al. 1992) . Geostatistical 
techniques were developed in the mining industry (Matheron 
1963; Journel and Huijbregts 1978) and have been used 
extensively in the soil sciences for over a decade (e.g. 
Burgess and Webster 1980). Recently, geostatistical 
techniques have begun to be applied in an ecological context 
(Robertson et al. 1988; Lechowicz and Bell 1991; Chapter IV). 
Numerous researchers have proposed a positive 
correlation between environmental variability and species 
richness (e.g. Simpson 1964). Although plants can be quite 
plastic in responding to resource variability (e.g. Campbell 
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and Grime 1989; Jackson et al. 1990), little is known of the 
actual heterogeneity in soil resources that an individual 
plant is likely to encounter in the field. In this study, 
I quantify the scale and degree of soil variability around 
individual perennial plants in the field, and compare this 
variability to that found across a larger sagebrush-steppe 
site. To accomplish this goal, I used a nested sampling 
scheme, with samples taken every metre in a 10x12-m grid and 
every 12.5 cm in 0.5x0.5-m grids. The nested 0.5x0.5-m grids 
contained at least one native perennial mountain sagebrush 
plant, Artemisia tridentata ssp. vaseyana (Rydb.) Beetle, or 
bluebunch wheatgrass plant, Pseudoroegneria spicata (Pursh) 
A Love ssp. spicata. The soil properties measured were soil 
organic matter, pH, water content, root mass, microbial 
respiration, net nitrogen mineralization, nitrification 
potential, and soil-extractable ammonium, nitrate, phosphate 
and potassium. I applied univariate, multivariate, and 
geostatistical techniques to the data, emphasizing the degree 
and scale of variability around the individual perennial 
plants. I calculated geostatistical semivariograms for each 
soil property and then used those semivariograms to generate 
contour plots of the various soil properties. 
Methods 
The research was conducted in the Spring of 1991 at a 
native sagebrush-steppe site located approximately 30 km 
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south of Logan, Utah (41° 29' N, 111· 47' W, 1575 m elev., 
just above the highest level of ancient Lake Bonneville). 
The soil at the site is a silt loam formed from noncalcareous 
alluvial material (USDA 1974). Typical annual precipitation 
is 430 to 500 mm (USDA 1974) and the site is essentially 
flat. 
Prevalent at the site in addition to the native 
Artemisia and Pseudoroegneria are plants of the genera 
Balsamorhiza, Zigadenus, Viola, Poa, and Lomatium. Sagebrush 
(Artemisia) plants at the site tend to be relatively small, 
usually< 0.5 m tall with a fairly sparse canopy, but growth-
ring analysis showed several to be between 15 and 20 years 
of age. Inter- and intraspecific neighbors of Artemisia and 
Pseudoroegneria are sometimes closely spaced, in some cases 
within 0.5 m. The site experiences light, irregular grazing 
by cattle in the Fall of some years, but mule deer are 
frequently seen browsing in the Winter or Spring. Pocket-
gopher activity, ant mounds, and narrow cracks in the soil 
(up to 30 cm in depth) are all visible sources of 
heterogeneity at the soil surface. 
In the Spring of 1991, I established a 10xl2-m grid at 
the site, with points sampled every metre (143 samples). 
Within this grid, I also sampled at a finer scale of 12.5 cm 
within nine nested 0.5x0.5-m grids (225 samples, 362 sampling 
locations for the entire experiment). Each of these finer 
0.5x0.5-m grids contained at least one Artemisia or 
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Pseudoroegneria plant (six grids with a target Artemisia, 
three with a target Pseudoroegneria). Replicate cores of 4-
cm diameter and 10-cm depth were taken at each sampling point 
within two days in early May. 
I analyzed the soil at each sample location for 11 
properties: soil organic matter, pH, gravimetric water 
content, root mass, microbial respiration, nitrification 
potential, net nitrogen mineralization, and soil-extractable 
ammonium, nitrate, phosphate, and potassium. Soil organic 
matter was determined colorimetrically with potassium 
dichromate as the color reagent (Sims and Haby 1971). Soil 
pH was determined on a saturated soil paste of air-dried soil 
passed through a 2-mm sieve. Gravimetric water content (dry-
mass basis) was determined by drying approximately 20-g soil 
samples to constant mass in a 105°C drying oven. Root mass 
in single 4-cm diameter, 10-cm deep cores was determined by 
first separating the roots from the soil (hydropneumatic root 
elutriator, Gillison Variety Fabrication rnc.) and then oven-
drying and weighing the roots. Microbial respiration, 
nitrification potential, and net nitrogen mineralization were 
determined from aerobic incubations in one-litre glass jars. 
Prior to incubation, soil from each of the 362 sampling 
points was sieved (2-mm sieve) and a new determination of 
water content was obtained. A 15 to 20-g subsample of sieved 
soil was immediately placed in 2M KCl and shaken for one 
hour. The 2M-KC1 extract was filtered through #1 Whatman 
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filters previously rinsed with KCl and then tested by 
continuous-flow analysis using a Lachat autoanalyzer. A 
second 15- to 20-g subsample was placed in glass jars after 
approximate adjustment to the same water content for all 
samples. The samples were stored for 10 days at 25°C in a 
controlled-environment growth chamber. At the end of the 10-
day incubation, a sample of the gas in each jar was removed 
by syringe through a septum and immediately injected into an 
infra-red gas analyzer for determination of CO2 concentration 
( linear calibration of r 2>0. 99 for the CO2 concentrations 
encountered) . The post-incubation soil samples were then 
placed in 2M KCl and analyzed for ammonium and nitrate as 
before. Nitrification potential is the difference between 
postincubation and preincubation nitrate concentrations; net 
N mineralization is the difference between postincubation and 
preincubation nitrate and ammonium samples summed together. 
Soil phosphate and potassium were extracted with 0.5 M NaHCO3 
(Olsen and Sommers 1982) . Soil ammonium and nitrate were 
extracted with 2 M KCl and determined as above. 
Univariate statistics and the correlation matrix for the 
soil parameters were calculated with SYSTAT modules STATS and 
CORR. The Spearman rank-correlation coefficient is a 
nonparametric measure of association between two variables 
based on the ranks of the data (Sokal and Rohlf 1981). 
Spearman rank-correlation coefficients were used for the 
correlation matrix because the distribution of such variables 
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as root mass and soil water content were positively skewed 
(Fig 1). A minimum level of significance for these 
coefficients was set at 2=0.001 (a conservative Bonferroni 
adjustment) because of the multiple comparisons made in the 
matrix. 
Semivariograms were calculated with the Environmental 
Protection Agency program "Geo-EAS" using a minimum pair 
distance of 12. 5 cm and a maximum of approximately 7. 5 m 
(roughly half the maximum distance available from the data). 
Because of the nested structure of the data, semivariogram 
lag intervals were set to be shorter for lag distances of< 
0.75 m to more clearly present the results at these finer 
scales. Each semivariogram lag class had at least 350 pairs 
of points and over 40,000 pairs were used for each 
semivariogram. There was no obvious anisotropy 
(directionality) to any of the semivariograms, but the data 
for microbial respiration, root mass, soil ammonium, and soil 
nitrate were log-normally transformed prior to analysis 
because their distributions were positively skewed (Webster 
and Oliver 1990). I also applied rank transformations 
(Conover and Iman 1981) to generate a novel summary 
sem ivariogram that combines information from all four of the 
soi:. nutrients sampled (NH/, N03-, P, and K). The 362 
observations for a given nutrient were ranked in ascending 
order and then summed with the ranks for the other three 
nutrients at the same grid position. This provides a 
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relative estimate of combined nutrient availability and 
allows us to examine the spatial autocorrelation of nutrient 
patches in the soil. A semivariogram was then calculated 
from this summary of N, P, and K availability. 
Semivariograms for the four nutrients individually can be 
found in Chapter IV. The least-squares fit for each 
semivariogram was calculated with the SYSTAT NONLIN module 
from among linear, spherical, and exponential models (Isaaks 
and Srivastava 1989) . Ordinary block kriging was performed 
with the program GS+ (Gamma Design Software) using the five 
nearest neighbors and a distance of O. 01 m between block 
centers. 
Results 
Variability for the seven non-nutrient soil parameters 
across the 10x12-m sampling area was quite high (Table 1, Fig 
1) and comparable to the variability observed for the soil 
nutrients phosphate, potassium, ammonium and nitrate (Chapter 
IV) . Microbial respiration varied from 49. 6 to 1810 mg 
CO2/kg soil with a coefficient of variation (CV) of 64. 9% 
(Table 1) . Root mass in 4-cm-diameter, 10-cm-deep cores 
varied by well over two orders of magnitude, from 0.013 g to 
2.63 g (Fig 1). Soil organic matter, though not expected to 
vary by orders of magnitude, showed considerable biological 
variability; values ranged consistently from 1. 3% to 5. 0% 
(dry-mass basis), with one extreme value at 7.4% (reanalys · s 
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Table 1 Selected properties of soil samples taken in 4-cm-
diam., 10-cm-deep soil cores at a native sagebrush-steppe 
field site. All soil terms are expressed on a dry-mass 
basis. The aerobic incubations for microbial respiration, 
nitrification potential, and net N mineralization were 
maintained for 10 days at 2s·c. Values for root mass are 
expressed per separate 4-cm-diam., 10-cm-deep soil core. 
There are 362 samples for each property, with two missing 
values for both nitrification potential and net N 
mineralization and five missing values for microbial 
respiration. 
Factor Units Mean Median SD CV(%) 
Soil Organic Matter (%) , or 2. 68 2.55 0.72 26.9 
dgjkg soil 
pH unitless 6.3 6.3 0.22 3.6 
Gravimetric H20 Content kg Hp/kg soil 0.29 0.28 0.037 13.1 
Root Mass g 0.29 0.23 0.27 92.2 
Microbial Respiration rrg m2jkg soil 263 229 170 64.9 (CXl2 pro::iuction) 
Nitrification F'otential rrg N/kg soil 14.4 13.3 8.14 56.4 (net N03 pro::iuction) 
Net N Mi.neral.ization rrg N/kg soil 10.3 10.2 6.27 60.9 (NH4 + an::i N03 - pro::iuction) 
Soil Ammonium rrgjkg soil 3.48 2.15 13.4 386 
Soil Nitrate rrgjkg soil 1. 30 1.11 1. 53 117 
Soil Thosr,hate rrg/kg soil 19.1 17.0 7.61 39.8 
Soil F'otassium rrgjkg soil 315 287 108 34.3 
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Fig. 16 The values of all 3 62 soil samples ranked in 
ascending order for each of seven soil parameters measured. 
Clockwise from upper left the graphs present the values for 
net nitrification potential, net N mineralization, microbial 
respiration, root mass, soil water content, soil pH, and soil 
organic matter. Uni ts for each graph are as described in 
Table 1. 
79 
of a second subsample confirmed this value). Soil pH varied 
by one and one-half pH units and, in several cases, by more 
than one pH unit within a given 0.5x0.5-m sampling area. 
The matrix of nonparametric Spearman rank-correlation 
coefficients for the eleven soil parameters (Table 2) showed 
a number of strong, positive associations between such 
variables as soil phosphate and potassium (r
5
=0. 64), soil 
organic matter and potassium (r 5=0.54), and, not 
surprisingly, nitrification potential and net N 
mineralization (r 5=0.86). There was also a notable lack of 
correlation between some pairs of variables (Table 2). There 
was not a strong linear association between soil ammonium and 
soil organic matter (r 5 =0.13), nor between soil nitrate and 
organic matter (r
5
=0.07). Even the significant relationship 
between soil ammonium and nitrate was much lower than 
expected ( r
5
=0. 38) . The only soil factors significantly 
correlated with root mass were soil K, organic matter, and 
H2o content, but these correlation coefficients were quite 
weak (r 5=0.24, 0.20, and 0.19, respectively). Parametric 
Pearson correlation coefficients for the complete data set, 
and with selected extreme values deleted for some variables, 
both showed similar patterns of significance as in Table 2, 
but these parametric correlations were generally stronger 
than their nonparametric counterparts. 
Semivariograms for soil organic matter and pH show 
increasingly strong autocorrelation at distan ·ces of less than 
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Table 2 Nonparametric Spearman rank-correlation 
coefficients for the eleven soil parameters (in descending 
order - soil ammonium, nitrate, phosphate, potassium, organic 
matter, pH, water content, root mass, microbial respiration, 
net N mineralization, and nitrification potential). Because 
of the multiple comparisons made between variables, a minimum 
level of significance was chosen at 2=0.001 (a conservative 
Bonferroni adjustment). 
NH4 N0 3 p K SOM pH H20 Root Mier Net Nit 
Mass Resp Min Pot 
NH4 1.0 
N0 3 0.38* 1.0 
p 0.24* -0.01 1.0 
K 0 . 15 0.10 0.64* 1.0 
SOM 0 . 13 0.07 0.46* 0.54 * 1.0 
pH - 0 .03 -0.15 0.35* 0.45* 0.39* 1.0 
H20 0 .10 0.17* 0.22* 0.29* 0.32* 0.09 1.0 
Root -0.05 -0.04 0.09 0.24* 0.20* 0.06 0 . 19* 1.0 
Mass 
Mier 0.06 0.00 0.32* 0.25* 0.16 0.16 0 .3 7* 0.14 1.0 
Resp 
Net 0.05 0.07 0.04 0. OJ 
Min 
0 . 10 - 0.15 0.18 * 0.03 0.05 1.0 
Nit 0.14 0 .13 0.10 0 .11 0 . 12 
Pot 
-0.10 0.24* 0.07 0.15 0.86* 1.0 
* P<0.001 
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a metre (Fig 2, fitted model parameters in Table 3). Beyond 
that distance the semivariograms are essentially flat, 
indicating the region where classical assumptions of 
statistical independence may be justified. The structural 
variance or degree of spatial dependence for each of the 
seven variables was calculated from they-intercept or nugget 
value (C0 ) of each semivariogram and the y-value at which 
each semivariogram becomes a plateau or sill (C), (Table 3, 
structural variance= (C-C 0 )/C). Both soil organic matter 
and pH show a high degree of spatial dependence 
(approximately 90%, Fig 2), as they-intercept or nugget for 
each semivariogram is approximately 10% of the sill (12% and 
8% for organic matter and prl, respectively). The summary 
semivariogram for nutrient availability (a nonparametric 
index combining information on soil ammonium, nitrate, 
phosphate, and potassium) shows detectable autocorrelation 
at < 1 m (Fig 2) , indicating correlations among nutrient 
availabilities and providing an index of the size of nutrient 
patches in the soil. Its degree of spatial dependence is 
moderately high at 63%. Soil water content shows much weaker 
spatial autocorrelation (Fig 2), with a degree of spatial 
dependence of only 34%. Finally, the three variables that 
are microbially driven processes (microbial respiration, net 
N mineralization, and nitrification potential) as well as 
root mass show essentially no spatial patterning, their 
semi var iograms being linear with slopes slightly greater than 
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Fig. 17 Semivariograms for eight soil properties (soil 
organic matter, pH, water content, net N mineralization, 
nitrification potential, microbial respiration, root mass, 
and a nutrient index) sampled in the 120-m 2 field plot. The 
semivariogram in the upper right, titled "nutrient index", 
is a nonparametric index of nutrient availability that 
combines equally-weighted information on soil ammonium, 
nitrate, phosphate, and potassium (see Methods). 
Semivariograms stratify calculated variances by the distance 
( lag) separating each pair of points. The minimum and 
maximum pair distances used in the calculations were 12.5 cm 
and 7.5 m, and over 40,000 calculations were incorporated 
into each graph. The units for each semivariogram are the 
square of the units presented in Table 1, except for the 
nutrient index which is unitless and microbial respiration 
and root mass, which where lognormally transformed prior to 
semivariogram analysis due to positive skewness in the data 
(Fig 16). Parameter values for the solid-line models of each 
semivariogram may be found in Table 3. 
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Table 3 Model parameters for the solid lines fitted through 
each semivariogram in Figure 2 and the four soil-nutrient 
semivariograms from Chapter IV. The nugget is the y-
intercept of the graph, the sill is the semivariogram value 
(y value) where each graph becomes a plateau (approximately 
equal to the traditional sample variance) , and the range is 
the distance (x value) where the plateau begins. See 
footnotes for explanations of the various models and 
parameters . Values for soil ammonium, nitrate, microbial 
respiration, and root mass were lognormally-transformed prior 
to semivariogram analys i s due to positive skewness in the 
data . 
Variate Model Nugget Sill Range (m) 
(C0 ) (C) 
Organic matter Spherical 1 0.060 0 . 519 1. 35 
pH Exponential 2 0.0040 0.0518 1. 4 4 
H20 content Exponential 0.00091 0.00137 2.06 
Root Mass Lin e ar3 0. 418 0.500 7.50 
Mier. resp. Linear 0.143 0 . 180 7.50 
Net N mineral. Linear 32.5 39.3 7 . 50 
Nitrif. Potent i :. Linear 57.1 65.9 7.50 
Nutrient Index Exponentia l 29600 80400 0.82 
Soil ammonium Spherical 0.209 0.386 0.99 
Soil nitrate Exponential 0.170 0. H 7 1.07 
Soil phosph a t e Sph e rica l 12.6 61. 9 1. 48 
Soil potassium Spheric a l 960 13300 1. 39 
1 For h .::,_ ra nge, y( h) = c0 + (((C-C 0 )( 1. 5h / range))- (0 . 5((h/ ra ng e ) 3))) 
h ~ ra nge , y(h) = C 
2 y (h) = c0 + ( (C-C 0 ) (l - e x p ( - 3h/r a ng e ))); th e range for the 
e xpon ent i a l model is defin e d as t h e d i stan c e at wh i ch t h e 
se miv ar i ogra m v a l ue i s 95% o f ( C-C 0 ) . 
3 y (h) c0 + (hC/ 7 . 5); t h e range for t h e li n ear model is arbitrari ly 
set t o be t h e max inum l ag used i n t h e anal y sis (7.5m ) a nd 
t h e si l l (C) is t h e se miv a rio gra m v al u e at that ma x i mum lag. 
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zero (Fig 2). 
Interpolated (or kriged) 0.5x0.5-m contour plots 
containing individual tussock grasses show strong spatial 
patterning of soil organic matter and soil-extractable 
phosphate and potassium with higher amounts near tussocks 
(Fig3). Patterns of soil ammonium and nitrate are not so 
consistently coupled with tussock location (kriged data not 
presented). Although Figure 3 only shows data from one of 
the O. 5x0. 5-m tussock-containing grids, similar soil patterns 
are found in the other two grids containing grasses. Kriged 
soil properties from O. 5x0. 5-m grids containing sagebrush 
plants appear much less tightly coupled to the location of 
the shrub center or canopy (Fig 4); none of the eleven soil 
properties measured show consistent patterning associated 
with the location of the shrubs. 
Discussion 
There was a surprising amount of soil variability 
observed in the 0.25-m 2 areas around individual plants. For 
two of the sagebrush plants and one of the tussock grasses, 
samples showing strong negative net N mineralization (N 
immobilization) were separated by only 12.5 cm from samples 
showing strong positive N mineralization. Microbial 
respiration around the nine plants varied by an average 
factor of 5.1 (± 1.0 s.e.m.) and the average range of soil 
organic matter around each plant (max - min within each set 
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Fig. 18 Kriged soil contour plots for soil organic matter 
(% dry mass) and soil-extractable phosphate and potassium 
(mg/kg) in a o. 5x0. 5-m area around one of three 
Pseudoroegneria tussocks sampled in the experiment. The 
graph in the lower left represents the approximate location 
of the tussock (dark line) and the x- and y-axis of each 
graph represent the cartesian coordinates of the 0.5x0.5-m 
plot contained in the 10xl2-m sampling area. 
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Fig. 19 Kriged soil contour plots for soil organic matter 
(% dry mass) and soil-extractable phosphate and potassium 
(mg/kg) in a O. sxo. 5-m area around one of six Artemisia 
shrubs sampled in the experiment. The graph in the lower 
left represents the approximate location of the shrub canopy 
(dark line) and the location of the shrub stem (black dot); 
the x- and y-axis of each graph represent the cartesian 
coordinates of the O.Sx0.5-m plot contained in the 10xl2-m 
sampling area. 
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of 25 samples) was 1.6%. Soil pH varied by as much as 1.3 
pH units in samples separated by less than 0.5 m. This is 
comparable to the variation in pH found at the Barooga Field 
Station in Australia by Downes and Beckwith (1951), who found 
no clear relationship between pH and soil type at that 
research station. 
It has been recognized for decades that overall soil 
variability generally increases as the area measured 
increases in scale (e.g. Beckett and Webster 1971, Palmer 
1990). Since the 120-m 2 area that I sampled was just a 
subset of a larger study site, the high degree of variability 
that I found (Fig 1) should probably be considered as a lower 
bound to the actual variability across the entire field. 
However, in the absence of larger-scale gradients in 
topography, soil depth, parent material, etc., the overall 
field variability may not actually be much greater than what 
I found, since "within-field" variance often does not vary 
much with the size of the field (Beckett and Webster 1971). 
Smith, Moon, and Simpson ( 19 5 2) ( as cited in Beckett and 
Webster 1971) analyzed grass yields in .03 and 0.4 ha plots 
and found little difference in variability between the two. 
Ferrari and Vermeulen (1955) showed that pooled soil samples 
from fields o. 33 to 2. 5 ha in size also had very similar 
coefficients of variation. 
Six of the soil parameters examined (soil organic 
matter, pH, phosphate, potassium, ammonium, and nitrate) 
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showed strong spatial patterning at scales of less than a 
metre or so (Fig 2; Fig 2 in Chapter IV). When additional 
semivariograms for these variables were calculated with 
samples from only the larger field grid (the 143 points at 
one-metre spacings), all six of these semivariograms were 
completely flat, further emphasizing their lack of 
autocorrelation at scales of greater than a metre. None of 
the three microbial processes I studied (nitrification 
potential, net N mineralization, and microbial respiration) 
showed any significant autocorre l ation, even at the finest 
scales of 10 to 50 cm. Apparently my smallest scale of 
measurement was, for these three variables, simply too coarse 
to capture substantial spatial structure (Allen and Hoekstra 
1991). This is not _ to say that other sites would necessarily 
show an absence of structure for the variables at these or 
greater scales. Al though Robertson et al. ( 1988) found 
essentially no spatial patterning for microbial respiration 
between scales of 1 m (their smallest scale) and 50 min a 
Michigan old field, they did find significant patterning in 
N mineralization and nitrification at scales from 1 to 
approximately 20 m. They attributed this patterning, at 
least in part, to topographical features at the site and 
accompanying gradients in water availability. Any site that 
contained strong patterns in such factors as parent material, 
topography, or aspect might be expected to show patterning 
of soil properties consistent with the scale of such relevant 
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factors. 
Individual plants have been shown to influence soil 
properties in various ecosystems, including forest trees 
(Zinke 1962; Boerner and Koslowsky 1989), dune grasslands 
(Gibson 1988), and semi-desert shrubs and tussock grasses 
(Charley and West 1975; Schlesinger et al. 1990; Hook et al. 
1991). Most of these studies have examined large, widely 
spaced individuals, comparing soil properties at one point 
directly under the plant canopy with a second point in canopy 
interspaces. Al though such "islands of fertility" were 
evident around the Pseudoroegneria tussocks in my study (Fig 
3), they were not as apparent with the Artemisia shrubs (Fig 
4) . Several reasons for not always finding such "islands" 
around my sagebrush plants may be their relatively short 
stature and the sparse open canopies of these shrubs, as well 
as apparently greater pocket-gopher activity near the shrubs 
compared with tussock grasses. Gophers may act to disturb 
existing soil patterns that might otherwise form around 
undisturbed plants. Soil from gopher mounds has been shown 
in at least one study to have lower total N and P than in 
undisturbed surface areas, probably as a result of deeper, 
less fertile soil being moved to the surface (Koide et al. 
1987). 
Conclusions 
In this paper and in Chapter IV I analyze the degree and 
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scale of soil variability from scales of approximately 10 cm 
to 10 mat a native sagebrush-steppe field site. Although 
my results show a surprising amount of variability both 
around individual plants and aero :..:, the field site, the 
observed scale of that variability is, in my opinion, the 
most significant result. The three microbial processes (net 
N mineralization, nitrification potential, and microbial 
respiration) showed no apparent autocorrelation even at the 
finest scale measured of 12.5 cm. Soil organic matter and 
pH (this study) and soil ammonium, nitrate, phosphate, and 
potassium (Chapter IV) all demonstrated apparent 
autocorrelation only at spatial scales of less than 1.0 to 
1. 5 m. These results imply that an indi victual shrub or 
tussock grass, which would likely have roots more than a 
metre apart, should encounter as much variation in soil 
properties in its individual rooting zone as found across the 
entire field plot. From . the degree and scale of soil 
variability seen in these two studies, I conclude that root 
plasticity and active foraging in a heterogeneous soil 
environment are likely to be important to the nutrient 
balance of many plants. 
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Environmental heterogeneity is believed important to 
organisms at many scales (Kolasa and Pickett 1991). Species 
abundance is thought to increase with more variable 
environments (Simpson 1964; Shmida and Wilson 1985) and the 
distribution of species can depend on local microhabitat and 
topography (e.g. Zedler and Zedler 1969). Canopy gaps in 
forests are important for seedling establishment and for 
maturation of tree seedlings (e.g. Putz 1983; Canham 1985). 
Safe sites for seed germination can be the result of fine-
scale heterogeneity at the surface of the soil (Harper et al. 
1965). In systems such as the Great Basin of the western 
United States, soil variability may occur temporally, as in 
the flush of water and soil nutrients associated with 
.snowmel t in the Spring. It may also occur spatially, through 
such mechanisms as the localized decomposition of organic 
matter. Plants in the field germinate, grow, and reproduce 
in environments that are distinctly heterogeneous. 
In summarizing the importance of a body of work it is 
necessary to acknowledge both the strengths and weaknesses 
of that work. The research in Chapter II and some of my 
previous work with Martyn Caldwell (Jackson et al. 1990) has 
shown for the first time that plants in the field responding 
to soil heterogeneity can selectively alter rates of nutrient 
uptake in roots from an enriched zone. 
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This result is 
particularly interesting since simulation models (Silberbush 
and Barber 1983) had predicted that changes in nutrient 
uptake capacity should be relatively unimportant for nutrient 
uptake compared with such morphological factors as total root 
length. It is useful to recognize, however, that the Barber 
model assumes a homogeneous distribution of nutrients in the 
soil. Simulations with a patchy soil matrix can lead to 
quite different conclusions; in one such case uptake kinetics 
were shown to be potentially more important for nutrient 
uptake in enriched patches than potential responses such as 
root proliferation (Caldwell et al. 1992). 
The most interesting result of Chapter III, in my 
opinion, was the above- and belowground interaction between 
plant shading and the ability of roots to selectively alter 
nutrient uptake kinetics (Fig. 6). Such clear demonstrations 
in the field of belowground physiological responses to 
aboveground phenomena are relatively rare in ecology. To 
answer the question of whether unshaded plants exploited more 
nutrients from the enriched patches than shaded plants, I 
might have used a radioactive or stable-isotope tracer in the 
field to follow in situ nutrient uptake through time. This 
data could have complemented my existing results nicely. 
Chapters IV and V provide an intriguing demonstration 
of the scale and degree of soil heterogeneity in the field. 
Quantifying the scale and degree of soil heterogeneity is 
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important for comparing current models of plant competition. 
Considerable discussion in recent ecological literature has 
centered on the differences between the theoretical 
frameworks of Grime and Tilman (Thompson 1987; Grace 1990). 
I suggest that while there are specific differences in their 
models, perceived discrepancies are due, at least in part, 
to the different spatial and temporal scales of their 
respective approaches. Tilman's resource competition theory 
(Tilman 1988) emphasizes the average nutrient availability 
across a plot or landscape and is essentially an equilibrium 
or steady-state theory. His research has, therefore, tended 
to emphasize long-term population studies in relatively large 
experimental plots free from subsequent disturbance (Tilman 
and Wedin 1991). Grime's emphasis, on the other hand, has 
been to understand and predict the competitive abilities of 
individuals in a variable environment (Grime 1979). His more 
controlled, experimental approach reflects this emphasis 
(Campbell et al. 1991). In understanding potential 
differences between their models, it seems likely that the 
average availability of a soil nutrient may be of decreasing 
utility as the scale of examination shifts from populations 
to individuals. Given the heterogeneity demonstrated in 
Chapters IV and V, the root systems of individual plants are 
clearly experiencing a range of nutrient environments that 
cannot be adequately characterized by average nutrient 
availabilities in the soil. 
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One surprise in the results of Chapter V was the lack 
of any strong correlation between root mass and any of the 
soil parameters 
density to be 
measured. One might have expected root 
neatly correlated with soil nutrient 
availability - for example, soil phosphate or soil ammonium. 
There is no apparent evidence for such tight coupling in my 
data. What limits our ability to find such potential 
relationships is the destructive nature of soil sampling. 
To obtain an integrated picture of the importance of soil 
heterogeneity to plants, one would have to follow the 
relationship between soil properties and the physiology and 
growth of roots through time. This integrated approach is 
not yet feasible in the field. 
overall, in this dissertation I showed that an 
individual plant is likely to encounter substantial soil 
heterogeneity in its rooting zone. I also showed that plants 
in the field can respond physiologically to that 
heterogeneity in ways that should increase nutrient uptake, 
and that a plant's ability to respond physiologically could 
be limited by competition. What this dissertation did not 
do, nor has any other ecologist managed to do, is quantify 
the importance of soil heterogeneity to individual plants 
through time, and integrate plant physiological responses to 
that heterogeneity in the field. Ultimately, plant 
physiological responses to heterogeneity must be shown to 
lead to meaningful demographic and evolutionary responses 
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before unequivocal conclusions about the importance of soil 
heterogeneity can be drawn. 
101 
Literature Cited 
Caldwell MM, Dudley LM, Lilieholm B ( 1992) Soil solution 
phosphate, root uptake kinetics and nutrient 
acquisition: implications for a patchy soil environment. 
Oecologia 89:305-309 
Campbell BD, Grime JP, Mackey JML (1991) A trade-off between 
scale and precision in resource foraging. 
87:532-538 
Oecologia 
Canham CD (1985) Supression and 
recruitment in Acer saccharum. 
112:134-145 
release during canopy 
Bull Torrey Bot Club 
Grace JB (1990) On the relationship between plant traits and 
competitive ability. In: Grace JB, Tilman D (eds.) 
Perspectives on plant competition. Academic Press, New 
York, U.S.A., pp. 51-65 
Grime JP (1979) Plant strategies and vegetation processes. 
Wiley and Sons, Chichester, England 
Harper JL, Williams JT, Sagar GR (1965) The behaviour of 
seeds in the soil: I. The heterogeneity of soil surfaces 
and its role in determining the establishment of plants 
from seed. J Ecol 53:273-286 
Jackson RB, Manwaring JH, MM Caldwell (1990) Rapid 
physiological adjustment of roots to localized soil 
enrichment. Nature 344:58-60 
Kolasa J, Pickett STA (1991) Ecological heterogeneity. 
102 
Springer-Verlag, New York, U.S.A. 
Putz FE (1983) Treefall pits and mounds, buried seeds, and 
the importance of soil disturbance to pioneer trees on 
Barro Colorado Island, Panama. Ecology 64:1069-1074 
Shmida A, Wilson MV (1985) Biological determinants of species 
diversity. J Biogeog 12:1-20 
Silberbush M, Barber SA (1983) Sensitivity of simulated 
phosphorus uptake to parameters used by a mechanistic-
mathematical model. Plant Soil 74:93-100 
Simpson GG (1964) Species density of North American recent 
mammals. Syst Zool 13:57-73 
Tilman D (1988) Plant strategies and the dynamics and 
structure of plant communities. Princeton University 
Press, Princeton, New Jersey, U.S.A. 
Tilman D, Wedin DA (1991) Plant traits and resource reduction 
for five grasses growing on a nitrogen gradient. 
Ecology 72:685-700 
Thompson K ( 1987) The resource ratio hypothesis and the 
meaning of competition. Fune Ecol 1:297-303 
Zedler JB, Zedler PH (1969) Association of species and their 
relationship to microtopography within old fields. 
Ecology 50:432-442 
Curriculum Vitae 
Robert B. Jackson 
Address 
Department of Range Science 
and the Ecology Center 
Utah State University 
Logan, UT 84322-5230 
(801) 750-2565 
(801) 750-3796 (FAX) 
Education 
B.S. Chemical Engineering 
M.S. Plant Ecology 
M.S. Statistics 
Ph.D. Plant Ecology 
Professional Experience 
Rice University, 1983 
Utah State University, 1989 
Utah State University, 1992 
Utah State University, 1992 
Graduate Research Assistant (1988-present) 
Graduate Teaching Assistant (1992) 
103 
Technician (summer 1987), California State Univ. Fullerton 
Dow Chemical Co. (1983-1987), technical service and sales 
Grants, Fellowships. and Awards 
Department of Energy Postdoctoral Fellowship for Global 
Change (to begin 12/92 at Stanford University) 
Murray F. Buell Award for Excellence in Ecology 
(Ecological Society of America, 1990) 
Sigma Xi Research Award (Utah State University, 1989) 
Phi Kappa Phi 
President's Fellowships (Utah State Univ., 1988-1989, 
1990-1991) 
President's Summer Fellowship (Utah State University, 
1990) 
Professional Society Membership 
American Society of Naturalists 
British Ecological Society 
Ecological Society of America 
Society for Range Management 
104 
Posters, Presentations, and Invited Seminars 
1988, Soil Science Society of America (coauthored poster) 
1989, Ecological Society of America (poster) 
1990, Ecological Society of America (paper) 
1990, British Ecological Society (paper) 
1991, Ecological Society of America (paper) 
1991, Invited Seminar, Michigan State University, Ecology 
and Evolutionary Biology Series 
1992, Ecological Society of America (paper) 
1992, Invited Seminar, Idaho State University, Dept. of 
Biology 
Peer-Reviewed Publications 
Jackson, R.B. and M.M. Caldwell 1989 The timing and 
degree of root proliferation in fertile-soil microsites 
for three cold-desert perennials. Oecologia 81:149-153 
Jackson, R.B., J.H. Manwaring, and M.M. Caldwell 1990 
Rapid physiological adjustment of roots to localized soil 
enrichment. Nature 344:58-60 
Jackson, R.B. and M. M. Caldwell 1991 Kinetic responses 
of Pseudoroegneria roots to localized soil enrichment. 
Plant and Soil 138:231-238 
Jackson, R.B., I.E. Woodrow, and K.A. Mott 1991 
Nonsteady-state photosynthesis following an increase in 
photon flux density (PFD): effects of magnitude and 
duration of initial PFD. Plant Physiology 95:498-503 
Caldwell, M.M., J.H. Manwaring, and R.B. Jackson 1991 
Exploitation of phosphate from fertile soil microsites by 
three Great Basin perennials when in competition. 
Functional Ecology 5:757-764 
Jackson, R.B. and M.M. Caldwell 1992 Shading and the 
capture of localized soil nutrients: nutrient contents, 
carbohydrates, and root uptake kinetics of a perennial 
tussock grass. Oecologia, in press. 
Jackson, R.B. and M.M. Caldwell 1993 The scale of 
nutrient heterogeneity around individual plants and its 
quantification with geostatistics. Ecology, in press. 
Manuscripts Submitted or In Preparation 
Jackson, R.B. and M.M. Caldwell 1993 Soil heterogeneity 
around individual perennial plants as quantified by 
geostatistics. In preparation. 
